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The momentum distribution funtion for the two-omponent 1D gases of bosons and fermions is
studied in the limit of strong interatomi repulsion. A pronouned reonstrution of the distribution
is found at a temperature muh smaller than the Fermi temperature. This new temperature sale,
whih equals the Fermi temperature divided by the dimensionless oupling strength, is a feature of
the two-omponent model and does not exist in the one-omponent ase. We estimate the parameters
relevant for the experimental observation of the rossover eet.
I. INTRODUCTION
During the last few years the great advanes in the art
of ooling and trapping atomi gases have made it possi-
ble to study experimentally the behavior of fermion and
boson gases in lower dimensions[1℄. Of partiular interest
are the quasi-one-dimensional systems whih an be real-
ized as one-dimensional (1D) tubes in a two-dimensional
optial lattie [2, 3, 4, 5℄. The ground states of suh
systems are haraterized by the ratio between the inter-
ation energy and the kineti energy. At high densities,
the kineti energy dominates and the system an be de-
sribed by mean-eld theory. At low densities, one enters
a regime of strong oupling where the interation energy
dominates the kineti energy. The dierene between this
strongly interating regime and the regime of weak inter-
ations is more than just quantitative. One should expet
that strong interations result in phenomena absent in
the weakly interating ase. The question of what these
phenomena are and their experimental onsequenes is
essential for our understanding of low-dimensional sys-
tems and, more generally, the physis of strongly inter-
ating matter.
It is evident that the presene of internal degrees of
freedom enrihes the phase diagram of a physial system
and may even give rise to ompletely new phenomena.
One-dimensional systems in general and one-dimensional
quantum gases in partiular, are no exeptions to this
rule. In this paper we disuss a phenomenon in quantum
gases whih is spei to the strongly interating regime
and the presene of internal degrees of freedom. We show
that, due to the emergene of a soft propagating mode
in the limit of strong repulsion, one-dimensional gases
(both bosoni and fermioni) undergo a dramati reon-
strution of the one-partile momentum distribution as
the temperature is varied on a very small sale. This tem-
perature sale is proportional to the propagation veloity
of the soft mode and vanishes in the limit of innitely
strong interpartile repulsion.
The paper is organized as follows. In Setion II we
give a qualitative omparison of one- and two-omponent
quantum gases in 1D and introdue the relevant energy
sales. We show that in the two-omponent ase there
exists a new low-temperature regime where the behavior
of the quantum gas should be qualitatively dierent from
that at zero temperature. Setions III and IV are tehni-
al. In Setion III we present an exatly solvable model,
whih grasps the physis disussed in Setion II. We give
an exat representation for the one-partile density ma-
trix in this model. In Setion IV we analyze short- and
long-distane asymptotis of the density matrix and dis-
uss the numerial reipe for evaluating it at intermediate
distanes. Setion V ontains the main result of the pa-
per: The eet of the low temperature reonstrution of
the momentum distribution funtion is demonstrated for
both boson and fermion gases. In Setion VI we disuss
the possibility of observing this reonstrution eet ex-
perimentally and estimate the magnitude of the oupling
strength for suh an experiment in terms of the parame-
ters haraterizing highly elongated harmoni traps.
II. ONE-COMPONENT VERSUS
TWO-COMPONENT GASES IN ONE
DIMENSION
One-dimensional uniform gases with zero-range inter-
ation serve as a test ground for a wide lass of one-
dimensional systems. This was realized long ago by Lieb
and Liniger, who used the Bethe-ansatz method [6℄ to
obtain the exat wave funtions and spetrum of the one-
omponent boson gas [7℄. They onsidered the following
Hamiltonian for N idential bosons of mass m and hem-
ial potential µ,
H = − ~
2
2m
N∑
i=1
∂2
∂x2i
+ g1D
∑
1≤i<j≤N
δ(xi − xj)− µN. (1)
The interation onstant g1D has the dimension of energy
times length and is onventionally written in terms of a
harateristi length a1D aording to
g1D =
2~2
ma1D
. (2)
The dimensionless oupling strength γ involves the num-
ber of partiles per unit length, n1D = N/L, where L is
the length of the 1D system, and is given by
γ =
mg1D
~2n1D
=
2
n1Da1D
. (3)
Thus when the density dereases, the oupling strength
inreases, and one approahes the limit of impenetrable
bosons, the so-alled Tonks-Girardeau gas [8℄. In this
limit the thermodynami properties of the system are the
same as those of a one-dimensional gas of non-interating
one-omponent fermions with the Fermi energy
EF = π
2 ~
2n21D
2m
. (4)
Heneforth we set ~ = 2m = 1. These onstants will be
restored in Setion VI.
Similarly to the one-omponent ase, one an onsider
a two-omponent gas of fermions (bosons). Suh gases
onsist of partiles with some internal quantum param-
eter σ, whih an take two values. For brevity we refer
to this parameter as spin, and label the orrespond-
ing states by σ =↑, ↓ . In the situation where the inter-
ation onstant g1D is tuned to be independent of the
spin index, we take the rst-quantized Hamiltonian of
the system to be the same as for the one-omponent ase,
Eq. (1). The information about the system being two-
omponent is enoded in the symmetry of the oordinate
wave funtion. To introdue the spin indies in the
Hamiltonian expliitly one an reast it in the seond
quantized form using the partile reation and annihila-
tion operators ψ†σ(x) and ψσ(x). Written in the seond-
quantized form the interation term in Eq. (1) is
g1D
2
∫
dxn↑(x)n↓(x) (5)
for two-omponent fermions, and
g1D
4
∫
dx : n(x)2 : (6)
for two-omponent bosons. Here nσ(x) = ψ
†
σ(x)ψσ(x) is
the density of partiles of type σ; the total density n(x)
is n(x) = n↑(x) + n↓(x), and the symbol :: stands for
the normal ordering. For interations of this form the
total number of partiles N and the total number N↑(↓)
of spin up (down) partiles are good quantum numbers.
Note, that the operator (5) is the most generi form of
ontat interation for fermions, whih is a onsequene
of the Pauli priniple. In the bosoni ase, however, the
operator (6) represents a speial situation where the three
oupling onstants are tuned to be equal.
The density n1D is ontrolled by the hemial potential
µ, Eq. (1). In the innite γ limit the relation between
n1D and µ does not depend on the statistis of partiles
and has the following simple form
πn1D =
√
µ. (7)
For the one-omponent gas this result an be found in
e.g. Refs. [8℄, for the two-omponent gas in Ref. [9℄. It
follows from Eq. (7) that
√
µ has a dimension of inverse
length. Hereafter we measure distanes in units of 1/
√
µ.
What temperature sales haraterize 1D gases with
the Hamiltonian (1) in the limit of strong repulsion,
γ ≫ 1? For the one-omponent system there is only one
temperature sale: the Fermi temperature TF = EF/kB,
where kB is the Boltzmann onstant. Low temperatures
T ≪ TF orrespond to the degenerate quantum gas.
The inlusion of spin gives rise to another harater-
isti temperature T0 ≪ TF , dened by the bandwidth
for the spin exitations. This bandwidth an be es-
timated as follows. Consider the setor of the Hilbert
spae with a given number of partiles N and a polariza-
tion M = N↑ − N↓. Denote by E(M) the ground state
energy of the Hamiltonian (1) in this setor. For fermions
the funtion E(M) has its absolute minimum at M = 0
[10℄ in agreement with the Lieb-Mattis theorem [11℄. For
bosons the funtion E(M) reahes its absolute minimum
at |M | = N [12℄, giving rise to the demixing transition
[13℄. The energy dierene per partile between the po-
larized (demixed) and unpolarized (mixed) phases
ǫ =
|E(N)− E(0)|
N
(8)
gives an estimate for the bandwidth of spin exitations:
T0 ∼ ǫ/kB. In the large γ limit ǫ is easily found from the
thermodynami Bethe ansatz [10℄. For fermions one nds
that to the leading order in 1/γ
ǫ =
8 ln 2
3
EF
γ
. (9)
One an see that the harateristi temperature sale for
spin exitations is given by T0 = TF/γ. The same esti-
mate is valid for bosons.
The two sales T0 and TF are well separated when γ
is large enough. In this situation one an distinguish
between two dierent quantum (whih means T ≪ TF)
regimes: T < T0 and T > T0. The rst regime has been
studied extensively and is onventionally desribed by
the Luttinger Liquid (LL) theory [14℄; the results on the
seond one appeared very reently [15, 16, 17℄ for the
limiting ase T0 ≪ T ≪ TF and are qualitatively dierent
from the LL theory preditions. This an be understood
by notiing that for T > T0 spin degrees of freedom
are strongly disordered thus violating the LL theory
appliability onditions. At the same time, the density
degrees of freedom are not aeted by the temperature
until it beomes of the order of TF.
III. ONE-PARTICLE DENSITY MATRIX: AN
EXACT REPRESENTATION
In this Setion we investigate the one-partile density
matrix of the two-omponent strongly repulsive (γ →
+∞) 1D gases with the Hamiltonian (1) for the two lim-
iting ases T ≪ T0 and T0 ≪ T of the two quantum
regimes disussed in Setion II. Our onsiderations will
be based on the exat solution of the model Hamilto-
nian (1) in the innite γ limit. The two dierent regimes
T ≪ T0 and T0 ≪ T are aessed by hoosing the appro-
priate order of limits T → 0 and γ →∞, as desribed in
2
[15℄: To ensure T0 ≪ T one should take the limit γ →∞
rst and then set T = 0 in the wave funtions and spe-
tra of the model, while for the LL regime T ≪ T0 one
should take the limit T → 0 rst.
For two-omponent systems the one-partile density
matrix is dened as
ρ(x) =
1
2
[
〈ψ†↑(x)ψ↑(0)〉+ 〈ψ†↓(x)ψ↓(0)〉
]
. (10)
Sine the interation terms Eqs. (5) and (6) are invariant
with respet to spin rotation, one has 〈ψ†↑(x)ψ↑(0)〉 =
〈ψ†↓(x)ψ↓(0)〉. The density of partiles is n1D = 2ρ(0).
Both physial intuition and ruial tehnial advane
ome from the observation that in the innite γ limit the
exat Bethe-ansatz many-partile eigenfuntions of the
Hamiltonian (1) fatorize into a oordinate part whih is
similar to the wave funtion of non-interating spinless
fermions and a spin part whih orresponds to an eigen-
state of the isotropi Heisenberg hain. Using this fator-
ization Ogata and Shiba [18℄ derived an expliit formula
for the density matrix (10) in the ase of two-omponent
fermions on a lattie (the Hubbard model). The two-
omponent fermion gas being the limit of the Hubbard
Hamiltonian for the vanishing lling fator, Ogata and
Shiba's formula an be used. It also has a straightfor-
ward extension to the bosoni ase. Both bosoni and
fermioni ases are disussed in the paragraph below.
Using the results of Ref. [18℄ we write the density ma-
trix ρ(x) as
ρ(x) =
1
2
〈χ†(x)ω(Nx)χ(0)〉F , (11)
where the average 〈〉F is taken over the ground state of
the system of non-interating one-omponent fermions
with reation and annihilation operators χ† and χ, re-
spetively. The density of these fermions oinides with
the density of physial partiles n1D. The operator
Nx =
∫ x
0
dx′χ†(x′)χ(x′) (12)
ounts the number of partiles between points 0 and x.
Assuming lattie regularization with an innitesimal lat-
tie onstant, Nx is a Hermitian operator with integer
eigenvalues. To dene the funtion ω(N) onsider an
innite isotropi Heisenberg hain. Its Hilbert spae is
spanned by vetors | . . . σ1σ2 . . . σj . . . 〉, where σj =↑, ↓ is
the spin at the j-th site. In this spae one may intro-
due a string operator ΩN , whih ats as a yli shift
operator on the string of spins of length N :
ΩN | . . . σjσj+1 . . . σj+N−2σj+N−1σj+N . . . 〉 =
| . . . σj+N−1σjσj+1 . . . σj+N−2σj+N . . .〉. (13)
The funtion ω(N) is dened as follows
ω(N) = ei(pi−φ)N 〈ΩN 〉H. (14)
Here φ is a statistial angle: φ = 0 for bosons and
φ = π for fermions. In the ase T ≪ T0 the average
〈〉H in Eq. (14) is taken over the ground state of the
isotropi Heisenberg hain, whih is antiferromagneti for
the fermion gas and ferromagneti for the boson gas. In
the ase T ≫ T0, the average 〈 〉H is to be taken over all
possible spin ongurations.
For the boson gas at exatly zero temperature and both
fermion and boson gases at T ≫ T0 the alulation of
ω(N) is relatively simple. For bosons at zero tempera-
ture the average 〈 〉H in Eq. (14) is taken over the fully
polarized ferromagneti ground state of the spin hain
whih gives
ω(N) = eipiN . (15)
For bosons and fermions at T ≫ T0 the average 〈 〉H in
Eq. (14) runs over all spin ongurations. This gives
ω(N) = ei(pi−φ)N2−N . (16)
In both equations Eqs. (15) and (16) the funtion ω(N)
is an exponential of N : ω(N) ∼ eλN , for whih the
average (11) an be expressed in terms of the Fredholm
determinant. More preisely, one obtains the following
representation for the density matrix (10):
ρ(x)
ρ(0)
= det(Iˆ + Vˆ1 + Vˆ2)(x) − det(Iˆ + Vˆ1)(x). (17)
Here the determinant
det(Iˆ + Vˆ ) =
∞∑
N=0
1
N !
∫ 1
−1
dk1 . . .
∫ 1
−1
dkN
× det


V (k1, k1) · · · V (k1, kN )
.
.
.
.
.
.
.
.
.
V (kN , k1) · · · V (kN , kN )

 (18)
is the Fredholm determinant of a linear integral operator
Vˆ with the kernel dened on [−1, 1]× [−1, 1]. In our ase
the kernels V1 and V2 are:
V1(k, p) = α
sin x2 (k − p)
π(k − p) (19)
V2(k, p) =
1
2
exp{−ix
2
(k + p)} (20)
The values of the parameter α are given in the Ta-
ble I. Reall that we measure distanes in units of 1/
√
µ,
Eq. (7)
It was mentioned above Eq. (15) that the ground state
of the two-omponent bosons is fully polarized in spin
[12℄. Therefore, at T ≪ T0 the bosons beome ee-
tively one-omponent (ompare rst and seond lines
in the Table I) and we turn bak to the original Lieb-
Liniger model [7℄. The determinant representation (17)
in this model was obtained by Lenard [19℄. For the two-
omponent fermion gas at T ≫ T0 Eq. (17) was obtained
in Ref. [20℄. Izergin and Pronko alulated both bosoni
and fermioni density matries in Ref. [9℄.
3
αone-omponent boson gas, T = 0 −2
two-omponent boson gas, T ≪ T0 −2
two-omponent boson gas, T ≫ T0 −3/2
two-omponent fermion gas, T ≪ T0 
two-omponent fermion gas, T ≫ T0 −1/2
Table I: The values of the parameter α entering Eq. (19) are
given. For the two-omponent fermion gas at T ≪ T0 no
exat results on ρ(x) are known.
IV. ONE-PARTICLE DENSITY MATRIX:
ASYMPTOTICS AND NUMERICS
In this Setion we analyze the short and long-distane
asymptotis of the determinant representations of the
density matrix (10). We also desribe the numerial pro-
edure whih deals with the intermediate length sales.
The results of this Setion will be used for the alulation
of the momentum distribution funtion given in the next
Setion.
Sine ρ(x) = ρ(−x), we assume x ≥ 0. For short dis-
tanes (x≪ 1) one an easily nd from Eqs. (17) and (18)
that
ρ(x)
ρ(0)
= 1− x
2
6
− α
π
x3
18
+
x4
120
+
α
π
11x5
2700
+ . . . . (21)
For α = 0 this is simply the expansion of sinx/x. No-
tie that higher order terms that are not exhibited on the
r.h.s. of Eq. (21), depend on α nonlinearly. Next, on-
sider the long-distane expansion of Eq. (17). Compared
to the short-distane analysis, this is a more sophistiated
task. For the boson gas at T ≪ T0 the analysis arried
out in Refs. [21℄ shows the power-law deay of the density
matrix:
ρ(x)
ρ(0)
=
C√
x
[
1 +
1
8x2
(
cos 2x− 1
4
)
+
3
16x3
sin 2x
]
(22)
with relative orretions of the order of x−1. The on-
stant C is given by C = πe1/22−1/3A−6 with A =
1.2824271 . . . being Glaisher's onstant. For the two-
omponent fermion gas at T ≫ T0 the deay is expo-
nential [20℄:
ρ(x) = C1e
−2νxx∆F sin(2x− ν lnx+ C2). (23)
Here C1 and C2 are some onstants whih are given ex-
pliitly in Ref. [22℄, while
∆F =
ν2
2
− 1, ν = ln 2
π
. (24)
The relative orretions to Eq. (23) are of the order of
x−1. The tehnique developed in the papers [15, 16℄ and
[17℄ for the two-omponent fermion gas an be easily
adopted to the ase of the two-omponent boson gas at
T ≫ T0. Like for fermions, the density matrix deays
exponentially in the large x limit
ρ(x) = const e−2νxx∆B . (25)
The anomalous exponent
∆B =
1
2
(ν2 − 1) (26)
and ν is given by Eq. (24). The relative orretion to
Eq. (25) is of the order of x−1.
Finally, we turn to intermediate values of x. To analyze
the representation (17), we use instead of Eq. (18) an
alternative denition of the Fredholm determinant [23℄.
Let V be an L×Lmatrix with the entries Vab = V (ka, kb).
Let
ka =
(
2a
L− 1 − 1
)
, a = 0, 1, . . . , L− 1. (27)
Then the Fredholm determinant Eq. (18) an be repre-
sented as follows:
det(Iˆ + Vˆ ) = lim
L→∞
detL
(
I +
2
L− 1V
)
. (28)
The matrix I on the right hand side of the equation (28)
is the L × L identity matrix. We use the representation
(28) to alulate ρ(x) for x in the range 0 ≤ x ≤ 20. For
the gures shown in the next Setion we used the number
of divisions L = 800.
V. LOW-TEMPERATURE RECONSTRUCTION
OF THE MOMENTUM DISTRIBUTION
In this Setion we present our results on the momen-
tum distribution funtion of quantum two-omponent
gases in two temperature regimes T ≪ T0 and T ≫ T0
disussed in Setion II.
The momentum distribution funtion n(k) for a one-
dimensional gas is given by
n(k) =
∫
dxe−ikxρ(x), (29)
where ρ(x) is the one-partile density matrix (10). Reall
that x is measured in units of 1/
√
µ as dened below
Eq. (7).
First, onsider the gas of two-omponent fermions.
The momentum distribution for dierent temperature
regimes is shown in Fig. 1. The T ≪ T0 urve was ob-
tained by the interpolation of the data given in Ref. [18℄
for the Hubbard model at low lling. The T ≫ T0
urve was alulated using the determinant representa-
tion disussed in Setions III and IV. One an see a dra-
mati hange in the shape of the momentum distribution
funtion as the temperature inreases from T ≪ T0 to
T ≫ T0. The singularity of the momentum distribution
at k = kF = πn1D/2, predited by the Luttinger theorem
4
Figure 1: The momentum distribution funtion n(k) for two-
omponent fermions. The thik solid urve is our result for
T ≫ T0. The dashed urve orresponds to T ≪ T0 and is
obtained by the interpolation of the data (lled irles) from
Ref. [18℄. The thin solid line shows the distribution funtion
for non-interating two-omponent fermions. The momentum
k is normalized to the Fermi momentum kF = pin1D/2.
[24℄, disappears and the momentum distribution spreads
out to larger k. Another very pronouned eet is that
the large momentum tail of the momentum distribution
gets strongly suppressed as the temperature inreases.
This is a ounterintuitive result from the point of view
of physis of weakly interating systems, where the fra-
tion of high energy partiles grows monotonously with
inreasing temperature. In strongly orrelated systems,
however, bare partiles have no overlap with elementary
exitations of the system and the momentum distribution
of bare partiles is not diretly related to the distribution
of energy between the eigenmodes of the system.
Next, onsider the gas of two-omponent bosons. Us-
ing the results of Setions III and IV we alulate the
momentum distribution funtion Eq. (29) numerially for
both T ≪ T0 and T ≫ T0. The results of the alulations
are shown in Fig. 2. One an see that the momentum
distribution in the ground state of bosons at T ≪ T0
is divergent at k = 0. This behavior takes plae at any
oupling strength γ [25, 26℄ and is the manifestation of
the quasi-long-range order in the system, that is, quasi-
ondensate. The situation is dierent at T ≫ T0. Due
to the exponentially deaying term in the asymptoti ex-
pression Eq. (25), the funtion n(k) is ontinuous with
all its derivatives for all k. The suppression of the quasi-
ondensate omponent as the temperature inreases from
T ≪ T0 to above T0 has a simple physial explanation:
due to the exitation of the soft degrees of freedom the
system loses oherene and annot exhibit quasi-long-
range order. For the large momentum tail of n(k) one
gets from Eq. (21):
n(k) ∼ − α
k4
, k →∞. (30)
Comparing the values of α given in Table I one an see
0 1 2 3 4
2
1
0
k/kF
n(k)
Figure 2: The momentum distribution funtion n(k) for two-
omponent bosons. The solid urve is the result for T ≫ T0,
the dashed urve is for T ≪ T0. For onveniene we normalize
the momentum k to the Fermi momentum kF = pin1D/2 of a
fermion system with the same density.
that the fration of partiles with large momentum de-
reases as the temperature inreases from T ≪ T0 to
above T0 similarly to the fermioni ase.
VI. DISCUSSION
One-dimensional quantum gases were reently reated
and studied in an optial lattie forming an array of well
separated one-dimensional tubes [2℄. The partile mo-
mentum distribution in suh systems an be observed in
experiments involving ballisti expansion [3, 4, 5℄. Large
values of the oupling onstant, γ ∼ 200, were reported
in Ref. [4℄. Suh values of γ would give a two orders
of magnitude separation between the two temperature
sales T0 and TF, whih is suient for the momentum
reonstrution to be observable. There are, however, er-
tain geometri limitations on the validity of the model,
Eq. (1), onsidered in this paper, whih we disuss be-
low. For the onveniene of the reader we restore the
onstants ~ and m in the equations.
Consider an elongated harmoni trap of transverse fre-
queny ω⊥ and axial frequeny ωz = λω⊥, λ ≪ 1,
ontaining a quantum gas of N partiles. The har-
ateristi length a1D in Eq. (2) is related to the three-
dimensional sattering length a and the transverse width
a⊥ =
√
~/mω⊥ by [27℄
a1D =
a2⊥
a
(
1− C1 a
a⊥
)
, (31)
where C1 = −ζ(1/2)/
√
2 = 1.0326 . . . is a numerial on-
stant, and ζ(x) is the Riemann zeta funtion. Sine
the loal hemial potential µ(z) is given by µ(z) =
π2~2n21D(z)/2m, the one-dimensional density is found
within the Thomas-Fermi approximation to be n1D(z) =
5
(2N−z2/a2z)1/2/πaz, where az =
√
~/mωz. The value of
γ, Eq. (3), may then be expressed in terms of the partile
number N , the sattering length a and the trap frequen-
ies ω⊥ and ωz. At the trap enter (z = 0) one obtains
the simple expression
γ(0) = π
(
2
λN
) 1
2 a
a⊥ − C1a . (32)
From Eq. (32) it is lear that to ahieve large values of
γ(0) at xed N and λ the system must be tuned to the
resonane a⊥−C1a = 0. However, very lose to the reso-
nane the sattering amplitude will no longer orrespond
to a delta-funtion potential in real spae due to the pres-
ene of higher-order terms in the relative momentum.
This may be demonstrated from the expansion of the
sattering amplitude f as given in [27℄,
f = − 1
1 + ika1D − i
√
2ζ(3/2)(ka⊥)3/8
. (33)
From this expression one notes that the terms of
third order in k are negligible only when a1D/a⊥ ≫√
2ζ(3/2)(ka⊥)
2/8. If we identify k with the Fermi
wave number kF whih has its maximum value kF =
πn1D(0) =
√
2N/az in the enter (z = 0) we obtain
the ondition
a1D ≫ a⊥
√
2ζ(3/2)
4
Nλ (34)
whih in ombination with Eq. (31) implies that (a⊥/a−
C1)/Nλ ≫ 1, in order for our model to be appliable.
Combining this result with Eq. (32) we arrive at the up-
per bound for the interation onstant γ for the trap with
given λ and N :
1≪ γ(0)≪ π
√
2
(
1
λN
) 3
2
. (35)
For traps with λ ∼ 300 [5℄ ontaining N = 30 partiles
this estimate gives γ ≪ 140.
VII. CONCLUSIONS
In onlusion, the momentum distribution of two om-
ponent boson and fermion gases was onsidered in the
limit of strong interatomi repulsion. It was shown that
due to the strongly orrelated nature of the system the
presene of the internal degrees of freedom of the atoms
results in the emergene of a new low temperature deo-
herent state absent in one-omponent gases. The onset
of this state with inreasing temperature is marked by a
pronouned hange of the momentum distribution of the
atoms.
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